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LiNbO3 nonlinear photonic quasicrystal with octagonal symmetry was fabricated. The collinear
quasiphase matched second harmonic generations at 22 wavelengths were observed. It is shown that
not only the standard type quasiphase matching but also the recently proposed projection-based
quasiphase matching plays an important role in these harmonic generations. © 2008 American
Institute of Physics. DOI: 10.1063/1.2937210
Quasiphase matching QPM is a well-established tech-
nique for improving the efficiencies of nonlinear optical
interactions by applying a periodic variation to the sign of
the second order nonlinear coefficient 2.1 Such periodical
structures, also known as nonlinear photonic crystals
NPCs, exhibit a set of reciprocal vectors RVs that may
help to satisfy momentum conservation for a given nonlinear
optical process. While initially one-dimensional 1D struc-
tures were considered, in the last decades, two-dimensional
2D NPC were suggested2,3 and extensively studied.4–7
Even more recently, the so called nonlinear photonic quasi-
crystals NPQCs having a quasiperiodic 2D spatial distribu-
tion of 2 attracted much attention. Such 2D quasiperiodic
structures have a greater density of RVs than their periodic
counterparts, and therefore, can provide a superior flexibility
in achieving QPM.8–12
It is generally accepted that efficient QPM second har-
monic generation SHG requires the existence of a RV equal
to the phase-mismatch vector of the interacting beams, i.e.,
G = k2 − 2k1, 1
where G is RV and k1 and k2 are the wave vectors of the
fundamental and the second harmonic beams, respectively.
Very recently, Bahabad et al. have proposed the so called
projection-based QPM, demonstrating that when using finite
width beams for collinear interactions within a periodic
structure, momentum conservation can also be satisfied using
a projection of the RV onto the direction of propagation.13
In this letter, we show that projection-based QPM can be
achieved not only in periodic structures but also in NPQCs.
Moreover, using the dense nature of the RVs of the latter, we
observed experimentally a collinear SHG of at least 22
wavelengths using a single NPQC. In addition, our experi-
ments performed with a Gaussian pump beam with a waist
diameter of 100 m demonstrate that there is no rigorous
requirement for a finite interaction width when the
projection-based QPM is applied to NPQC.
The NPQC used was a 2D octagonal quasiperiodic su-
perlattice, fabricated by electrical field poling of a z-cut
LiNbO3 wafer.14 The length, width, and thickness of the
sample were 8.5, 8.5, and 0.4 mm respectively. An optical
micrograph of the +z surface of the wafer after acid etching
is shown in Fig. 1. The octagonal quasiperiodic geometry,
clearly visible on the figure, was obtained by tiling the plane
with two kinds of tiles: squares and 45° rhombi. The side
length of the squares and rhombi was a=11.5 m. The poled
domains were placed at the vertexes of the square and rhom-
bus and their diameter was d=4.6 m.
Figure 2a shows the diffraction pattern of the NQPC
oriented with its eightfold axis parallel to the incident He–Ne
laser beam. The figure actually resembles the Fourier trans-
form of the real space lattice. The locations of the diffractive
spots correspond to the locations of RVs that can be used for
QPM, and the size of the spots indicates the size of the
corresponding Fourier coefficients. No simple periodicity
can be derived from the picture, but it is evident that the
diffractive spots very often form a configuration of octagons
or squares with different sizes. Such patterns agree well with
the octagonal quasiperiodic tiling in the real space. In order
to index the RVs, we often use four basic reciprocal vectors
F ii=1,2 ,3 ,4, as shown in Fig. 2a. Such representation,
however, becomes heavy and difficult to apply when a large
number of RVs need indexing. As shown below, more than
20 RVs need to be addressed in this work, and therefore, for
simplicity, we choose to use only one integer number to in-
dex the RVs. Figure 2b gives an expanded view of the
reciprocal space within a 2 /8 sector, where the RVs to be
used later are marked and x axis is defined. As can be seen in
this representation, RV8, for example, corresponds to the
unit vector F 3, RV3 to F 4, or RV19 to F 3+F 4. Furthermore,
Fig. 2 shows that at least eleven reciprocal vectors 1, 2, 4, 5,
8, 11, 12, 15, 20, 21, 22 are oriented along the x axis, and
therefore, the QPM conditions for collinear SHG should be
satisfied for a number of laser wavelengths. The magnitudes
of all RVs described above were measured by comparing the
diffraction pattern shown on Fig. 2 with that of a 1D grating
aElectronic mail: sheng@mpip-mainz.mpg.de.
FIG. 1. Micrograph of the poled NPQC. The arrow indicates the fundamen-
tal beam propagation direction.
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with known period. Furthermore, the value found for the
basic vectors Fi  =0.632 m−1 was related to the tile length
using the empirical approximation F i=4 / 3a as in ear-
lier work.10
The collinear SHG experiments were performed at
24.5 °C using a nanosecond optical parametric oscillator
OPO pumped by a Nd:yttrium aluminum garnet laser. The
OPO produces laser pulses with a duration of 4 ns at a rep-
etition rate of 10 Hz. The laser beam was entering along the
x axis and focused on the entrance surface of the sample by
a 10 cm focal-length lens that produced a focal spot with a
beam waist of 100 m inside the crystal. A fiber optic
spectrometer was used to measure the wavelengths of funda-
mental and harmonic beams.
Using this setup, we were able to observe collinear SHG
for at least 22 different fundamental wavelengths in the
range from 0.915 to 1.482 m, as schematically shown on
Fig. 3. The fundamental wavelengths are also listed in Table
I together with the SHG efficiencies, the respective phase-
mismatch vectors, and the corresponding RVs that help to
satisfy the QPM conditions as discussed below. Clearly, the
SHG efficiency depends strongly on the wavelength. There
are five obvious harmonic peeks, at which the efficiencies are
much higher than those of others. As shown later, this is
ascribed to the larger Fourier coefficients of the correspond-
ing RVs. While the efficiencies were significantly lower for
the rest of the wavelengths, in all cases, clear and reproduc-
ible SHG was observed.
Such collinear SHG observed at as many as 22 wave-
lengths can not be explained with standard QPM only and
needs more thoughtful interpretation. Let us first consider the
RV oriented along the fundamental wave vector, which can
help to directly satisfy the phase matching conditions for a
collinear SHG. For an octagonal NPQC with tile side length
of 11.5 m, the strongest three RVs along x axis see Fig. 2
are RV1=0.370 m−1, RV8=0.632 m−1, and RV15
=0.894 m−1. These three RV correspond to the strong SHG
observed at fundamental wavelengths of 1.482, 1.207, and
1.075 m, respectively. The resultant SHG efficiencies were
9%, 36%, and 20% for the input fundamental power of
3.6 mW. As can be seen in Fig. 2, in addition to these three
strong RVs, further weaker RVs 2, 4, 5, 11, 12, 20, 21, 22
are also oriented along the x axis. As a result, the collinear
SHG can be achieved at additional wavelengths. The corre-
sponding SHG efficiencies Fig. 3, Table I are significantly
lower than those discussed above, because of the smaller
Fourier coefficients of these RVs.
In this way, using the standard QPM theory, i.e., Eq. 1,
we can explain the observed collinear SHG at eleven
wavelengths. As shown in Table I, for each of these wave-
lengths, a reciprocal vector exist, which is oriented along
the beam propagation axes and has an amplitude equal to the
corresponding phase-mismatch k2−2k. Such consider-
ations, however, can not explain the SHG at the rest of
the wavelengths shown in Fig. 3 and in Table I. For
example, SHG were observed at fundamental wavelengths
of 1.375 and 1.106 m, for which RVs equal to 0.442 and
0.821 m−1 are, respectively, required to maintain monu-
ment conservation.15 However, as shown in Fig. 4, no such
RVs can be found in the reciprocal space. Motivated by the
very recent work of Bahabad et al.,13 we project some of the
existing RVs onto the beam propagation direction x axis.
As can be seen in Fig. 4, the projection “arms” of RV3 and
RV13 0.447 and 0.817 m−1 fit very well to the corre-
sponding phase-mismatch values discussed above. This sug-
gests that the projection-based QPM may play a key role in
the observed SHGs. We have extended this analysis for all
wavelengths at which collinear SHG was observed. As can
FIG. 2. a The diffraction pattern of LiNbO3 NPQC. b An expanded view
on the diffraction pattern within a 2 /8 sector.
FIG. 3. Schematic representation of the collinear SHGs observed in the
octagonal NPQC.
TABLE I. Collinear SHGs in the NPQC. The wavelength  is in unit of
m and RV is in unit of m−1. Sellmeier coefficients at 24.5 °C were used
to calculate k.15
Experiment
No.
Theory
Efficiency
% m ,n k RV projection
1.482 0.367 1 0.370 9.0 −2,2
1.429 0.401 2 0.402 1.5 −9,7
1.375 0.442 3 0.447 18.0 1,0
1.346 0.468 4 0.479 1.8 −6,5
1.318 0.495 5 0.492 1.8 11,−7
1.270 0.548 6 0.555 2.5 −3,3
1.226 0.605 7 0.600 1.5 7,−4
1.207 0.633 8 0.632 36.0 0,1
1.190 0.660 9 0.664 1.3 −7,6
1.157 0.717 10 0.709 3.6 3,−1
1.131 0.767 11 0.772 1.0 −11,9
1.117 0.797 12 0.785 1.2 6,−3
1.106 0.821 13 0.817 1.8 −1,2
1.086 0.869 14 0.862 0.8 9,−5
1.075 0.897 15 0.894 20.0 2,0
1.066 0.921 16 0.926 0.4 −5,5
1.047 0.974 17 0.970 0.4 5,−2
1.039 0.998 18 1.002 0.7 −2,3
1.012 1.086 19 1.079 1.3 1,1
0.991 1.163 20 1.156 0.5 4,−1
0.965 1.269 21 1.264 0.4 0,2
0.915 1.517 22 1.526 5.6 2,1
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be seen from Table I, in all cases, we were able to find a RV
at which projection on to the beam propagation direction
satisfies the QPM conditions. It should be emphasized at this
point that the reported effect is an experimental observation
for which we do not have a detailed theoretical explanation.
Nevertheless, the usage of finite width beams is probably the
main reason for the projection-based QPM interactions in
NPQC, in a way similar to that reported for periodic NPC.13
Two important phenomena related to the projection-based
QPM in NPQC deserve a special discussion. First of all, the
projections of the RV with larger Fourier coefficient ensure
higher SHG efficiency. For example the measured efficiency
was 18% at fundamental wavelength 1.375 m, for which
the projection of the very strong RV3 satisfies the momen-
tum conversation, while only 1.8% at =1.106 m, where
the projection of the weaker RV13, was used. Second, as
shown in Fig. 4, there are many RVs that share the same
projection arms, such as the projections of RV3, 23, 24, etc.,
are all equal to 0.447 m−1. In the analysis above, we con-
sidered only the strongest one among them, i.e., RV3. Most
likely, however, all of these projections sum up in their con-
tribution to the SHG efficiency.
It is important to emphasize at this point that the stan-
dard QPM and the projection-based QPM can be described
in one joint approach. Indeed, let us consider again the four
basic reciprocal vectors F i shown in Fig. 2a. As described
above, they have equal amplitudes F i=4 / 3a=F. The
projections of these basic vectors along the x axis are 0,
F /2, F, and F /2, respectively. It is clear, therefore, that
there are two basic vectors with different amplitudes, i.e.,
F /2 and F, along the x axis, and the QPM collinear SHG
can be satisfied from a generalized reciprocal vector that has
the form
Gm,n = m/2 + nF , 2
where m, n is any pair of integer numbers. As shown in the
last column of Table I, we were able to find such pairs of m
and n for all 22 fundamental wavelengths at which collinear
SHG was observed. Not surprisingly, the SHG efficiency de-
creases when the values of m and n increase, revealing a
decrease in the corresponding Fourier coefficients. In the
same time, it should be pointed out that for some values of
m and n, no SHG was detected. Similar effects exist in
periodic or Fibonacci quasiperiodic structures,16 for which
the strong dependence between the SHG efficiency and the
reversed duty cycle plays a key role. In 1D periodic struc-
tures, for example, the SHG efficiency is proportional to
2 / jsinjD, where j is the order of QPM and D is the
reversed duty cycle. A reversed duty cycle of 50% can de-
stroy completely the second-order j=2 QPM. Similar con-
siderations may explain the results observed in the 2D NQPC
as well.
In conclusion, we have fabricated a LiNbO3 NPQC with
octagonal symmetry. Using this NPQC, we observed experi-
mentally collinear SHG at 22 fundamental wavelengths in
the range from 0.915 to 1.482 m. This very large number
of wavelengths cannot be explained using the conventional
QPM approach only and clearly shows that momentum con-
servation can also be satisfied using a projection of the RV
onto the propagation direction of the beams.
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